Raman microscopy is used in the analysis of glaze on a number of samples that include, blue and white ceramic shards, a tile from the Citadel of Algiers and intact Ming plates.
The use of the glaze depth profiling method for the study of interfacial pigments on these 
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INTRODUCTION
Fluorescence in Raman spectroscopy as applied to the study of glazed ceramic artifacts greatly affect the spectral assignment because it can mask spectra collected from the glaze and/or pigments in the sample. Fluorescence in this case emanates from the glaze of the artifacts and is largely attributed to the presence of impurities 1 and the degree of porosity of the glaze under study. 2 The use of a confocal set-up in Raman microscopy ensures that mainly the spectrum from the focus point is obtained. 3 This allows for collection of scattered radiation from volumes in orders of one cubic micron (1 µm 3 ) at the focus point, thereby discriminating between glaze spectra and that from the interfacial region (glaze/ceramic). [4] [5] [6] This region is usually composed of decorative pigments and other colouring agents which are then detected through the intervening glaze [4] [5] [6] .
One of the questions that arise pertains to whether distinct ceramic/glaze interfacial pigment spectra so obtained [5] [6] is glaze type dependent. That is, could it depend on glaze composition, microstructure and processing temperature? In this paper, the glazes on which the depth profiling method was successfully applied are analyzed using the Index of polymerization (I p ) concept in order to answer these questions. The concept of the Index of polymerization (I p ) is a well documented method developed by Colomban et al [7] [8] [9] [10] for the analysis of glaze/glass and has also been successfully applied in other laboratories. [11] [12] The information obtained is used to further compare and contrast Ming porcelain artifacts and shards of archaeological origin. The glaze on intact Ming period porcelain plates and a tile from the Citadel of Algiers are also studied and comparisons are made.
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EXPERIMENTAL

Samples
The samples used in this study are of various origins, glaze types, glaze thicknesses and are underglaze blue and white ceramic artefacts, except for the multi-coloured tile from the Citadel of Algiers (Figure 1 ). The pigment on these samples have been studied in depth and the results have been reported. [5] [6] Figure 1 shows the sample set, made up of Ming samples A and B, unknown samples of archaeological origins C, D and F and sample E of Meissen origin and the Citadel tile (Sample G) and are reproduced here from earlier publications. [5] [6] In addition, the Ming plates (sample H and I of the Hongzhi (1488 -1505) and Wanli (1573 -1620) imperial periods respectively) are also added to the study. The glaze thicknesses were estimated with a 1.0 mm graduated ruler and the measurements were made on the broken edges where this was possible (shards and tile). Glaze thicknesses were also estimated using the excitation laser excitation beam (Table 1) .
The interface was clearly visible through the microscope on the transparent glazes 4-6 and the thin layer of pigment decoration was used as a guide for the opaque glaze sample.
The samples were used as received with no further preparation apart from wiping with methanol to clean the glaze surfaces where necessary. Since the Raman spectra of porcelain glazes is generally dominated by broad bands around 500 cm -1 and 1000 cm -1 that are associated with ν 2 bending vibrations and the coupled ν 1 and ν 3 Si-O stretching vibrations of the isolated tetrahedral respectively, 19 it is in the latter region (Si-O stretching) that our analysis will be focused. The consideration of a direct relationship between glass formers (example Si and Al) and flux (Na, K, Ca, Pb oxides) content and glass properties has been known 7, [20] [21] [22] and follows logically from the established silicate glass structure as a three dimensional polymeric network of SiO 4 .
Peak fitting and data processing
Any introduction of the flux (Na, K, Ca, Pb oxides) in the network changes the connectivity of the predominantly Si-O bonds in the network as well as the partial ionic charge of the terminal oxygen atoms, hence changes in bond lengths and polarizability 7 , which is a function of Raman activity and may affect the Raman cross section of the various modes in the glass. In the deconvolution of the silicate stretching envelope (ca Based on these observations, Colomban and co-workers extracted a relationship between the index of polymerization, I p , and the glaze/glass composition and the processing or glass transition temperature with ample demonstration of this method in the literature [8] [9] [10] [11] [12] [13] [14] .
This index of polymerization is defined as I p = A 500 /A 1000 where A is the area under the Raman band at the specified wavenumber. 16 This method of analysis should assist in determining the similarity or lack thereof in the various glaze types on porcelain samples in our possession and therefore glaze type (composition and processing temperature)
dependence on the success of the glaze depth profiling method in terms of composition and processing temperature of the glaze through which the underglaze pigments have been studied. Because of the amorphous nature of the silicates that comprise the bulk of the glaze, a Gaussian shape was assumed in the deconvolution processes.
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RESULTS AND DISCUSSION
Blue and white porcelain glaze
The raw Raman spectral data that was collected from the glaze surface to the interfacial region of the porcelain samples are shown in figure 2 and 3.
Only the glaze surface spectra of the samples were used in these studies in order to compare the various glazes without pigment interference. It was also found that, Figure 3 . Subsequent spectra in the interior of the glaze towards the glaze/ceramic interface. The interior of the glaze is seen as the origin of more fluorescence activity than the glaze/ceramic interface. This fluorescence is accompanied by the presence of amorphous carbon as seen by broad Raman bands between 1300 and 1700 cm -1 . Figure 3 (i) also shows a silica band around 460 cm -1 expected to come from the ceramic surface. 17 Since the high laser powers (up to 30 mW at the sample) used on these blue and white samples is expected to clean the glaze surfaces of any organic impurities, the relative degree of fluorescence intensity on these samples is most likely due to inorganic impurities, glaze composition and/or microstructure rather than surface borne organic impurities. Organic or inorganic impurities trapped inside the glaze are therefore assumed to be the origin of fluorescence in this case.
The glaze surface spectra shown in figure 2(a) for all samples, were similarly treated by first performing a baseline correction anchored at the same points using LabSpec ® software. The same smoothing functions within the same spectral window were used to 8 prepare spectra before a Gaussian function was applied in a peak fitting procedure using the Origin ® curve fitting software to produce spectra shown in figure 4 .
The extracted data is plotted in Figure 5 with the ratio I 500 /I 1000 plotted on the y-axis and sample number as the x-axis. In addition, when percent integrated band area values for the Q n modes are plotted against the band centres (wavenumbers), one finds that there is no change in the Q 0 mode as expected 16 since Q 0 depends only on the isolated SiO 4 tetrahedral units.
Since the polarization index (I p = A 500 /A 1000 ) is correlated with the processing temperature and composition of glassy silicates, 7, 19 this parameter was calculated from the Raman signature of the various glaze types and used to predict glaze properties.
Differentiation between lead-based and alkali based glaze-types is possible 6,9,19 while processing temperature determinations follow directly from consideration of the degree of connectivity of the SiO 4 polymeric units that are determined from the relative Raman intensities of the Si-O bending (500 cm -1 ) modes 10 and is related to the flux content.
The Index of polymerization of the tile sample in Table 2 Table 3 ).
The Meissen sample (E) with I p of 1.8 also corresponds to a Ca-based glaze (Pb-poor)
with an estimated glass transition temperature of about 1000 o C or above. This family of glassy silicates show index of polymerization in the range, 1.3 < I p < 2.5. Table 3 shows EDX determined compositions that are consistent with this finding for the Meissen shard.
These results are also consistent with other Meissen porcelain studies 23 .
Citadel tile glaze
A detailed study of pigments on the Citadel tile was undertaken and the results have been published. 6 However, in the same way that a glaze depth profile was generated for the blue and white porcelain silicate glazes, a similar glaze depth profile could be generated for the tile glaze. The glaze depth profile spectra of the top 50 µm generated on the white background of the Citadel tile are reported. 6 Even on this tile with significant amount of SnO 2 used in the glaze as an opacifier, the Index of polymerization (I p ) show this glaze as a Pb based silicate glaze and therefore low temperature fired sample. EDX elemental analysis results (Table 3 ) also confirm the dominance of Pb in the sample. Conceivably, one would imagine tiles of this nature to have been fired in large quantities at low temperature during the construction of the Citadel of Algiers.
CONCLUSION
The glaze types on all blue and white ceramic samples studied in this work indicate that although they range from Ca-based to Pb-dominated glaze types with glass transition temperatures ranging from high (~1000 o C or above) to low (~600 o C) respectively as estimated through the use of Index of polymerization concept, they could all be studied successfully by the depth profiling method. The SnO 2 /SiO 2 dominated glaze type of the tile shard from the Citadel of Algiers was also successfully probed using this method.
The results indicate that, first, the method does not depend on the type of glaze for the samples under study. Second, there is no evidence of interfacial pigment spectral changes due to glaze composition, morphology etc for the samples under study..
However, it must be noted that this aspect may be explored in a more controlled study where sample composition, morphology, sintering temperatures etc. are well known and controlled to answer this question fully and conclusively. However, these results further support the conclusions reached in our earlier study [J. Raman Spectrosc. 2007; 38: 1480] that the two sets of shards (Ming and Archaeological) are not likely to have a common origin. The consistency of these results from EDX and Raman glaze signature studies a l s o p o i n t t o t h e u t i l i t y a n d w i d e a p p l i c a b i l i t y o f t h e c o n c e p t o f t h e I n d e x o f polymerization (I p ) for silicate based glass/glaze analyses.
